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Objectives:	 Various	 definitions	 for	 concussion	 have	 been	 proposed,	 each	 having	 their	
strengths	 and	weaknesses.	We	 reviewed	 and	 compared	 current	 definitions	 and	 identified	









for	 SRC	 definitions,	 (14)	 or	 biomechanical	 aspects	 of	 concussions	 (22).	 Six	 different	
operational	 definitions,	 focusing	 on	 clinical	 findings	 and	 their	 dynamics	 were	 identified.	
Biomechanical	 studies	 were	 obtained	 almost	 exclusively	 in	 American	 football	 players.	
Angular	 and	 linear	 head	 accelerations	 linked	 to	 clinically	 confirmed	 concussions	
demonstrated	considerable	individual	variation.	
Summary/conclusions:	 SRC	 is	 a	 traumatic	 brain	 injury	 that	 is	 defined	 as	 a	 complex	
pathophysiological	process	affecting	the	brain,	induced	by	biomechanical	forces	with	several	
common	 features	 that	 help	 defining	 its	 nature.	 Limitations	 identified	 include	 that	 current	
criteria	 for	 diagnosing	 SRC	 are	 clinically	 oriented,	 and	 there	 is	 no	 gold/standard	 to	 assess	
their	 diagnostic	 properties.	 A	 future,	 more	 valid	 definition	 of	 SRC	 would	 better	 identify	
concussed	players	by	demonstrating	high	predictive	positive/negative	values.	Currently,	the	

















• Amongst	 currently	 available	 consensus-based	 definitions	 of	 SRC,	 the	 consensus	
statement	 from	 the	 CISG	 can	 be	 considered	 the	 opinion	 leader	 based	 on	 citation	
statistics.		
• These	 consensus-based	 definitions,	 however,	 showed	 different	 levels	 of	 detail	 and	
weighted	 distinct	 domains	 differently.	 Limitations	 even	 in	 those	 definitions	 that	
provided	additional	clarifying	statements	were	demonstrated,	including	the	overlap	/	
distinction	between	SRC	and	mTBI.	















concussion	and	mTBI,	 such	as	 seen	 in	motor	vehicle	crashes	etc.	Whilst	 this	 seems	 like	an	
arbitrary	separation	from	other	forms	of	TBI,1	2	it	is	largely	driven	by	sporting	bodies	who	see	
the	need	to	have	clear	and	practical	guidelines	to	determine	recovery	and	safe	return	to	play	
for	 athletes	 suffering	 a	 SRC.	 In	 addition,	 sports	 participation	 can	 be	 viewed	 as	 research	
laboratories	to	study	SRC	and	mTBI,	given	the	detailed	SRC	phenotype	data	that	is	typically	





individual	 authors,	 different	 research	 groups	 and	 international	 bodies.	 These	 definitions,	













shaking	 (or	 “commotion”)	without	 structural	 brain	 injury	 have	 been	 known	 since	 the	 10th	








Dating	 back	 to	 the	 1930’s,	 numerous	 anecdotal	 concussion	 severity-grading	 scales	 have	
been	published	reflecting	the	variety	of	prevailing	theories	 in	existence	at	 the	time.10	11	By	
2001,	there	were	approximately	45	published	scales,	none	of	which	had	been	scientifically	
validated.12	 13	 Whilst	 not	 defining	 concussion	 per	 se,	 these	 scales	 broadly	 attempted	 to	
	 5	
separate	 arbitrary	 levels	of	 concussion	 severity	based	on	 clinical	 symptoms	 that	would,	 in	
turn,	 inform	management	 and	 return	 to	 play	 advice.	 These	 scales	 have	 been	 reviewed	 in	
detail	elsewhere;	however,	it	was	the	view	of	the	Concussion	in	Sport	Group	(CISG)	in	2001,	





Studies	 examining	 biomechanics	 and	head	 injury	 (including	 TBI)	 demonstrate	 broadly	 that	










American	 football,	 ice	 hockey	 and	 Australian	 football.	 Those	 studies	 report	 head	 impact	
characteristics	 including:	 frequency,	 head	 kinematics,	 head	 impact	 location,	 and	 injury	
outcome.	 To	 quantify	 head	 impacts,	 studies	 have	 used	 helmet-based	 systems,	
mouthguard/headband/skin	 sensors	 as	 well	 as	 videometric	 studies.	 The	 measured	 or	
estimated	 head	 kinematics	 provide	 a	 starting	 point	 to	 understanding	 brain	 tissue	 loading.	






not	 uniformly	 distributed	 due	 to	 factors	 including:	 the	 brain	 geometry,	 brain	 tissue	
properties,	bony	architecture	of	the	internal	skull	and	connective	tissue,	e.g.	falx	cerebri	and	
tentorium	 cerebelli.	 This	 means	 that	 certain	 anatomical	 areas	 will	 have	 greater	 or	 lesser	
physiological	or	biochemical	disturbance	depending	on	the	interplay	of	the	external	forces,	
the	 head’s	 overall	 kinematic	 responses	 and	 brain	 sensitivity,	 such	 that	 resultant	 clinical	
symptoms	may	vary	from	person	to	person.20-23		
	














As	 per	 the	 CISG	 process,	 the	 systematic	 review	 was	 presented	 at	 the	 5th	 concussion	
consensus	 conference	 in	 Berlin,	 Germany.	 The	 updated	 definition	 of	 SRC	 was	 developed	









(CRCT),	 SportDiscus)	 was	 performed	 (14/09/2016)	 to	 identify	 English-language	 articles	






Manuscripts	 that	 referred	 to,	 discussed	 or	 compared	 existing	 definitions	 of	 SRC	were	 not	











All	 identified	 articles	 were	 subject	 to	 title	 and	 abstract	 screening	 by	 two	 independent	
reviewers	(AAT,	NFD).	Full-text	screening	was	applied	to	all	abstracts	considered	eligible	by	
at	 least	 one	 reviewer.	 Articles	 were	 selected	 using	 pre-determined	 criteria	 (for	 exclusion	
criteria	see	supplement	1).	Discrepancies	in	selection	status	and	reasons	for	exclusion	were	









onset	 and	 duration,	 mechanism,	 loss	 of	 consciousness,	 resolution	 of	 symptoms	 and	
neuroimaging),	 on	 the	 distinction	 between	 concussion	 and	 mTBI	 and	 on	 the	 number	 of	
	 7	








risk	 of	 bias	 and	 applicability	 concerns	 were	 assessed	 by	 one	 reviewer	 (AAT).	 A	 second	
reviewer	(NFD)	confirmed	ratings,	disagreements	were	resolved	by	discussion.	We	opted	for	
the	QUADAS-2	 tailored	 study	 criteria,	 as	 they	 are	widely	 used	 and	 recommended	 for	 the	
assessment	of	diagnostic	accuracy	studies.27	We	did	not	restrict	inclusion	further	based	upon	
QUADAS-2	 results.	Note	 that	we	did	 not	 apply	QUADAS-2	 to	 consensus/statement	 papers	
providing	 definitions	 of	 concussion	 (aim	 1),	 as	 this	 was	 not	 appropriate	 for	 this	 sort	 of	
publications.		
	
The	QUADAS-2	 tool	 consists	of	 four	 core	domains	 (patient	 selection,	 index	 test,	 reference	






We	 identified	 1601	 citations	 for	 title/abstract	 screening	 and	 123	 articles	 for	 full-text	







six	 different	 organizations	 (CISG,	 American	Medical	 Society	 for	 Sports	Medicine	 (AMSSM),	
National	 Athletic	 Trainers’	 Association	 (NATA),	 American	 Academy	 of	 Neurology	 (AAN),	
Team	 physician	 consensus	 group	 (joint	 statement	 by	 the	 American	 Academy	 of	 Family	
Physicians,	the	American	Academy	of	Orthopaedic	Surgeons,	the	American	College	of	Sports	
Medicine,	 the	 American	 Medical	 Society	 for	 Sports	 Medicine,	 the	 American	 Orthopaedic	
Society	 for	 Sports	Medicine,	 and	 the	American	Osteopathic	Academy	of	 Sports	Medicine),	
Committee	 on	 head	 injury	 nomenclature	 from	 the	 Congress	 of	 Neurological	 Surgeons)	
provided	consensus-based	operational	definitions	of	 concussion.12	28-37	One	study	provided	














Comparing	 key	 elements	 characterizing	 a	 concussion	 in	 the	 proposed	 consensus-based	
definitions	showed	both	similarities	and	discrepancies	for	some	items	(Table	2).	Whilst	in	all	
definitions	 loss	 of	 consciousness	 (LOC)	was	 considered	 optional	 for	making	 the	 diagnosis,	
onset	 (immediate/rapid/within	 minutes),	 duration,	 mechanism	 of	 impairment,	 and	
resolution	were	addressed	only	by	some	of	the	definitions	(Table	2).			
	
The	 assessment	 of	 specific	 domains	 was	 described	 in	 four	 definitions.	 Clinical	 symptoms	
typically	 included	physical,	cognitive,	emotional	and	sleep	disturbances,	whilst	examination	




The	 terms	 “concussion”	 and	 “mTBI”	 were	 handled	 differently	 in	 these	 consensus	
statements.30-33	 36	 Whilst	 concussion	 was	 considered	 a	 subset	 of	 TBI	 (CISG)30	 or	 mTBI	










as	only	 a	 subset	of	 identified	 concussions	were	 included	 (supplementary	 file	 2).	 For	 index	
testing	 all	 studies	 were	 considered	 "high"	 risk	 of	 bias	 as	 the	 biomechanical	 data	 were	
analyzed	and	interpreted	with	the	knowledge	of	the	results	from	the	reference	test.	Eleven	
studies	 that	 were	 either	 directly	 funded	 by	 or	 had	 one/several	 co-author(s)	 who	 had	 a	











To	 quantify	 head	 impacts,	 17/19	 studies	 used	 helmet-based	 systems.	 The	 Head	 Impact	
Telemetry	System	(HITS)	was	used	in	15	studies	and	instrumented	mouthguards	with	6-DOF	
sensors	were	used	 in	2	studies.	Video-analysis	was	applied	 to	a	study	cohort	of	 rugby	and	
Australian	rules	football	players,21	providing	more	detailed	analysis	on	a	subset	of	players	in	
a	 follow-up	 study.41	Different	 combinations	of	parameters	were	assessed	 in	 these	 studies.	






Measured	mean	 peak	 linear	 accelerations	 in	 concussed	 players	 (data	 from	 13/15	 studies	
using	 the	 HITS)	 ranged	 between	 43.0	 and	 145.0g.	 In-between	 these	 boundaries,	 most	
studies	reported	mean	peak	linear	acceleration	values	of	approximately	100g.	For	rotational	
acceleration,	mean	 peak	 values	 (n=9	 studies)	 in	 concussed	 players	 ranged	 between	 3,620	
and	7,230rad/s2	 (Table	4).	Results	 from	studies	using	 instrumented	mouthguards	or	video-





frequently	 (n=151;	 49%).	 In	 a	 single	 study	 on	 head	 impact	 location	 in	 Australian	 rules	
football	and	rugby	based	on	video-analysis,21	69%	of	impacts	were	located	on	the	side	of	the	
head.	 In	a	follow	up	study	 including	non-injured	athletes,	the	proportion	of	 impacts	to	the	
temporal	 region	 was	 significantly	 greater	 (p=0.05)	 for	 concussion	 cases	 compared	 to	 no-
injury	cases,	60–23%,	respectively.41	It	is	important	to	recognize	that	structural	TBI	or	cranial	
fractures	did	not	occur	in	these	studies	and	the	vast	majority	of	head	impacts	recorded	with	




confirmed	 concussion	 showed	 large	 inter-individual	 variability	 and	 cut-off	 values	 were	
proposed	in	a	single	study	only.	Noteworthy,	all	studies	had	a	high	risk	of	bias	and	a	high	risk	




Our	 review	 identified	 six	 consensus-based	 definitions	 of	 SRC.	 Amongst	 the	 different	
organizations	 providing	 definitions,	 the	 consensus	 statements	 from	 the	 CISG	 were	 cited	
most	frequently	(with	1376	citations	 in	Google	Scholar	for	the	2009	consensus	statement),	
followed	 by	 the	 statements	 from	 AAN,	 NATA	 and	 AMSSM	 (all	 around	 500-700	 citations).	
Since	the	1966	Statement	of	the	Congress	of	Neurological	Surgeons	was	issued	prior	to	the	








considered	 the	 opinion	 leader	 although	 it	 is	 acknowledged	 that	 earlier	 definitions	 largely	
predate	 the	 era	 of	 internet	 citations.12	 28-30.	 These	 consensus-based	 definitions	 showed	








• Biomechanics	 –	 the	 injury	 is	 caused	 by	 quantified	 direct	 or	 indirect	 force(s)	 to	 the	
brain.	
• Physiology	-	a	defined	physiological	disruption	of	brain	function.	





• Fluid	 biomarkers	 and	 genetics	 –	 defined	 abnormalities	 reflecting	 the	 underlying	
physiological	disruption	or	injury	
	
Despite	 many	 publications	 and	 definitional	 attempts,	 these	 considerations	 leave	 several	
issues	unanswered,	notably:	does	being	dazed,	seeing	stars	or	feeling	dizzy	in	the	absence	of	




The	 2016	 Berlin	 consensus	 conference	 operational	 definition	 (“Berlin	 definition”)	 is	
presented	 below.	 This	 definition	 is	 based	 on	 the	 systematic	 review	 of	 the	 literature	




















The	 clinical	 signs	 and	 symptoms	 of	 concussion	 cannot	 be	 explained	 by	 drug,	 alcohol,	




Our	 systematic	 review	 may	 have	 a	 potential	 publication	 bias	 and	 language	 bias	 as	 only	





2. There	 is	marked	 variability	 in	 the	diagnostic	 criteria	with	 no	 studies	 examining	 the	
measurement	properties	of	the	definitional	criteria.		
3. Given	 1	 and	 2,	 there	 is	 likely	 a	 large	 amount	 of	 information	 bias	 inherent	 in	 all	





“proven”	 gold	 standard	 is	 discovered	 and	 validated.	 This	 is	 highlighted	 as	 a	major	 area	of	
research	 for	 the	 reasons	 outlined	 above.	 If	 an	 objective	 gold	 standard	becomes	 available,	
the	 clinical	 criteria	 could	 then	 be	 tested	 against	 it	 to	 provide	 diagnostic	 metrics	 such	 as	
positive	 and	 negative	 predictive	 values	 and	 likelihood	 ratios.	 Another	 approach	 in	 the	
absence	 of	 an	 objective	 gold	 standard	 is	 to	 use	 the	 prognostic	 utility	 of	 a	 concussion	
definition.	 If	 it	 accurately	 predicts	 outcome,	 it	 could	 be	 a	 useful	measure	 to	 identify	 and	






recent	 systematic	 review.18	 These	 impacts	 are	 less	 severe	 than	 head	 impacts	 resulting	 in	
structural	 head	 injury,	 e.g.	 intracranial	 haemorrhages	 or	 contusions,	 diffuse	 axonal	 injury,	
and	cranial	fractures.15-17	45	Methodological	limitations	in	these	studies	must	be	considered,	
such	 as	 helmet	 fit,	 not	 using	 consensus-based	 concussion	 definitions	 and	 not	 reporting	
whether	 the	 diagnosis	was	made	by	 skilled	medical	 personal	 or	 not.	 Furthermore,	 lack	 of	
duplicate	 risk	 of	 bias	 assessment	 in	 our	 systematic	 review	 should	 be	 considered	 as	 a	
limitation.	Developments	are	occurring	 in	mini-accelerometer	devices	 that	can	be	worn	by	
athletes	 who	 do	 not	 wear	 a	 helmet.	 These	 devices	 offer	 opportunities	 for	 research	 and	
clinical	practice.	At	present,	there	is	no	evidence	that	accelerometer	devices	or	video-based	
observations	of	athletes	can	provide	a	‚diagnosis’	of	concussion.	Therefore,	at	present	head	





With	 regards	 to	 both	 aims	 addressed	 in	 this	 systematic	 review,	 newer	 technological	
advances	may	 give	 important	 insights	 into	 the	 underlying	 pathophysiology	 and	 ultimately	
provide	a	platform	to	develop	a	clear	definition	in	the	future.	 It	can	be	anticipated	that,	 in	
the	future,	head	injury	and	concussion	may	eventually	be	defined	by	the	severity	of	clinical	
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56,	NR,	M	 HITS	 54154	/	6	 Linear	acc	 NR	 NR	 	
McIntosh	et	
al.	200021	





































































































































































































































NR	 NR	 NR	 NR	 13	
Greenwald	et	al.	
200849	
American	football	 NR	 NR	 NR	 8	 3	 5	 1	 17	








Broglio	et	al.	201051	 American	football	 NR	 105	±	18	(NR)	 7,230	±	1,158	
(NR)	
8	 2	 2	 1	 13	
Schnebel	et	al.	200752	 American	football	 34	±	24	(NR)	 127.0	±	25.5	
(81.9	–	145.7)	
NR	 NR	 NR	 NR	 NR	 6	
Brolinson	et	al.	200653	 American	football	 NR	 103.3	±	42.3	
(NR)	







NR	 NR	 NR	 NR	 10	


























NR	 NR	 NR	 NR	 NR	 6	
Wilcox	et	al.	201560	 Ice	hockey	 NR	 43.0	±	11.5	(NR)	 4,030	±	1,435	
(NR)	
NR	 NR	 NR	 NR	 9	
Beckwith	et	al.	200961	 American	football	 NR	 107	±	31	(NR)	 7,079	±	3,408	
(NR)	
28	 12	 11	 4	 55	












King	et	al.	201458	 Rugby	 NR	 74.9	±	28.2	(NR)	 7627.5	±	
3263.6	(NR)	
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than	 five	 cases.	 Note	 that	 studies	 reporting	 no	 original	 data	 (e.g.	 conference	 consensus	
statements)	were	eligible	for	the	assessment	of	clinical	criteria	of	a	definition	of	concussion	
as	well.		
	 Full-text	 screening	 was	 applied	 to	 all	 abstracts	 considered	 eligible	 by	 at	 least	 one	




Information	 abstracted	 from	 each	 article	 included	 study	 type	 and	 publication	 date,	
addressed	 sports,	 proposed	 clinical	 criteria	 for	 a	 definition	 of	 concussion	 and	 number	 of	
citations	 for	 aim	1.	 For	aim	2	 (biomechanical	 studies)	 abstracted	 information	 included	 the	












We	did	not	 require	concordance	on	 the	 reasons	 for	abstract	exclusion,	but,	of	 concordant	
codings	 (89.2%,	 n=1319),	 exclusions	were	 for	 the	 following	 reasons:	 37%	were	 not	 about	
acute	 effects	 of	 concussion;	 28%	 were	 not	 about	 clinical	 criteria	 of	 concussion	 or	 about	
biomechanics	 in	 sports-related	 concussions	 in	 humans;	 9%	 were	 not	 about	 diagnosis	 of	
concussion;	 7%	 were	 not	 about	 sports-related	 concussions;	 5%	 were	 not	 about	 brain	
concussions	and	1%	each	were	no	full	papers	or	reported	on	less	than	five	players.	







was	 not	 about	 acute	 effects	 of	 concussion	 (9%,	 n=8);	 was	 not	 about	 sports-related	
concussions	(6%,	n=5);	was	no	full	paper	(3%,	n=3);	or	did	not	require	concussion	diagnosis	









by	 one	 reviewer	 (AAT).	 A	 second	 reviewer	 (NFD)	 confirmed	 ratings,	 disagreements	 were	
resolved	by	discussion.	 Inclusion	was	not	 restricted	 further	based	upon	QUADAS-2	 results.	
We	 did	 not	 apply	 QUADAS-2	 to	 consensus/statement	 papers	 providing	 definitions	 of	
concussion	(aim	1).		
The	 QUADAS-2	 tool	 for	 quality	 rating	 of	 diagnostic	 accuracy	 studies	 consists	 of	 four	 core	
domains	(patient	selection,	index	test,	reference	standard,	and	flow	and	timing).1	Risk	of	bias	
is	 assessed	 for	 all	 four	 domains,	 and	 applicability	 is	 assessed	 for	 the	 first	 three	 domains.	




Risk	of	 bias	 and	applicability	 concerns	 for	patient	 selection	were	 rated	as	 „low“	 risk	 in	 16	
studies	(73%),	while	in	the	remaining	6	studies	(27%)	both	items	were	rated	as	„high“	risk	as	
only	a	subset	of	identified	concussions	were	included	in	the	analysis	(see	Table	1).		
All	 studies	 included	were	 considered	 to	have	 a	 „high	 risk“	 of	 bias	 for	 index	 testing	 as	 the	
biomechanical	data	were	analyzed	and	interpreted	with	the	knowledge	of	the	results	from	
the	 reference	 test.	 As	 emphasized	 by	 Brennan	 et	 al.2	 for	 a	 similar	 review,	 the	 validity	 of	
biomechanical	data	recorded	could	not	be	adjusted	for	in	this	review.	We	followed	the	same	
line	of	reasoning	as	Brennan	et	al.2	when	assessing	applicability	concerns	for	 index	testing:	
studies	 that	 were	 either	 directly	 funded	 by	 or	 had	 one/several	 co-author(s)	 who	 had	 a	
vested	 financial	 interest	 in	 the	 accelerometery	 system	 used	 in	 each	 study,	 were	 rated	 as	
„high	risk“.	While	this	was	the	case	in	11	studies	(45%),	one	study	was	rated	as	„unclear“	for	
this	item	as	no	information	on	sources	of	funding	or	conflict	of	interest	was	provided.3.		
We	 considered	 the	 risk	 of	 bias	 for	 the	 reference	 standard	 as	 „unclear“	 in	 all	 22	 studies	
included	as	it	remains	unknown	whether	all	concussions	were	identifeid	by	the	medical	staff	
or	not.	As	pointed	out	by	Brennan	et	al.,2,	however,	 it	 is	unlikely	that	all	concussions	were	


























Beckwidth	et	al.	20094	 low	 high	 unclear	 low	 low		 high		 low	
Beckwidth	et	al.	20135	 low	 high	 unclear	 low	 low		 high		 low	
Beckwidth	et	al.	20136	 low	 high	 unclear	 low	 low		 high		 low	
Broglio	et	al.	20107	 low	 high	 unclear	 low	 low		 low		 low	
Broglio	et	al.	20118	 low	 high	 unclear	 low	 low		 low		 low	
Brolinson	et	al.	20069		 low	 high	 unclear	 low	 low		 high		 low	
Duhaime	et	al.	201210	 high	 high	 unclear	 low	 high		 high		 low	
Duma	et	al.	200511	 low	 high	 unclear	 low	 low		 high		 low	
Duma	and	Rowson	200912	 low	 high	 unclear	 low	 low		 low		 low	
Frechede	and	McIntosh	200913	 high	 high	 unclear	 low	 high		 low		 low	
Funk	et		201214	 low	 high	 unclear	 low	 low		 low		 low	
Greenwald	et	al.	2008	 low	 high	 unclear	 low	 low		 high		 low	
Guskiewics	et	al.	200715	 low		 high	 unclear	 low	 low	 low		 low	
Hernandez	et	al.	201516	 low		 high	 unclear	 low	 low	 low		 low	
King	et	al.	201517	 low		 high	 unclear	 low	 low	 low		 low	
McAllister	et	al.	201218	 low		 high	 unclear	 low	 low	 high		 low	
McIntosh	et	al.	200019	 high		 high	 unclear	 low	 high	 low		 low	
McIntosh	et	al.	201420	 high		 high	 unclear	 low	 high	 low		 low	
Patton	et	al.	201321	 high		 high	 unclear	 low	 high	 low		 low	
Rowson	et	al.	201222	 low		 high	 unclear	 low	 low	 high		 low	
Schnebel	et	al.	20073	 low		 high	 unclear	 low	 low	 unclear	 low	
Wilcox	et	al.	201523	 high	 high	 unclear	 low	 high	 high		 low	
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